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Structural optimizationAbstract This paper is to address structural optimization problems where multiple structure cases
or multiple payload cases can be considered simultaneously. Both types of optimization problems
involve multiple finite element models at each iteration step, which draws high demands in opti-
mization methods. Considering the common characteristic for these two types of problems, which
is that the design domain keeps the same no matter what the structure cases or payload cases are,
both problems can be formulated into the unified expressions. A two-level multipoint approxima-
tion (TMA) method is firstly improved with the use of analytical sensitivity analysis for structural
mass, and then this improved method is utilized to tackle these two types of problems. Based on the
commercial finite element software MSC.Patran/Nastran, an optimization system for multiple
structure cases and multiple payload cases is developed. Numerical examples are conducted to ver-
ify its feasibility and efficiency, and the necessity for the simultaneous optimizations of multiple
structure cases and multiple payload cases are illustrated as well.
 2016 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and
Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).1. Introduction
Since the concept was proposed in the 1960s, structural opti-
mization has experienced its significant progress and now itis a practical design tool in the field of structural engineering
like aircraft and aerospace systems.1 Three main optimization
problems are considered and investigated which include sizing,
shape and topology optimization,2,3 and each kind of opti-
mization problem owns its characteristics and difficulties.
Whichever type the optimization problem belongs to, it always
consists of three parts, i.e. design variables, objectives and con-
straints. When taking practical conditions into consideration,
the complexities have been increased in structural optimization
problems by involving multiple variables, objectives, con-
straints, etc.4–6 For these problems, when finite element (FE)
methods are used for structural analysis, it can be found that
there is only a single FE model involved in general cases.
1274 H. An et al.In reality, it is also required to conduct structural optimiza-
tions in multiple structure cases,7 in which more than one FE
model should be considered during the optimization process.
Here, the so-called multiple structure cases refer to a structural
system with different working modes or states. For instance,
when a variable-sweep aircraft takes off or flies at high speed,
it corresponds to two working modes, i.e. low and high sweep
angles, for the wings; for another, the flexible attachments in a
spacecraft, like the solar array panels and antenna, have com-
pacted and deployed states, which correspond to launch stage
and orbital status. The mechanical requirements such as defor-
mations and strengths under the involved structure cases are
different, indicating different design constraints, while the
structure system is still composed of the same components,
implying the same design variables. Accordingly, structural
optimization under multiple structure cases is to design the
shared structure components and to minimize the structural
mass meanwhile simultaneously considering all constraints
under each structure case. Therefore, at each iteration step,
structural analysis should be carried out for all the FE models
when conducting optimizations for multiple structure cases. So
it can be seen that optimization in multiple structure cases is
quite different from the usual optimization considering multi-
ple load cases and it has drawn high demands in optimization
schemes.
In terms of multiple payload cases, it refers to a structure
acting as a platform to be equipped with multiple payload sys-
tems. For instance, in spacecraft designs, to decrease the design
period and costs, a same satellite platform8,9 could be adopted
with different payloads. Under this condition, it is required
that the optimal design to this platform should be carried
out by simultaneously considering various known payload
cases. Similar to the multiple structure cases, the structural
response demands for different payload cases are various,
while the structure systems have the same platform. In addi-
tion, it also involves different FE models and each model is
related to one payload case. Correspondingly, more than one
structural analysis is needed at each iteration step. From this
view point, structural optimizations for multiple structure
cases and multiple payload cases can be classified into the same
category of optimization problems. However, the related pub-
lications on multiple structure cases are limited and more
research work is needed to be developed and explored.
Based on a two-level multipoint approximation (TMA)
method, Huang et al.7,8,10 developed an optimization system
which considers single structure case with high efficiency even
for large-scale engineering problems; afterwards, this method
was improved and utilized11,12 in an optimization design of a
satellite platform by taking multiple structure cases into
account. However, as a backward difference method was used
for the sensitivity calculation in this method, extra function
evaluations are introduced and more CPU time is cost conse-
quently. On the other hand, when considering multiple struc-
ture cases, some structural mass will be lost due to the
changes between different structure cases. For example, for
the solar array panels, the total mass in the deployed-panel
case is slightly smaller than that under the compacted-panel
case, which is due to the mass loss of the initiating explosive
devices. When the total structural mass is treated as an objec-
tive in the optimization design, it will be different in multiple
structure cases even with the same design variables. However,
even though the optimization system has the preliminary capa-bility by handling multiple structural cases, it could only deal
with problems with mass being unchanged in different struc-
tural cases. Thus, the efficiency as well as the capability of this
optimization method needs to be enhanced.
With the use of this TMA method, Chen and Huang8 con-
ducted the optimization design to the main frame of a satellite
platform, while Peng et al.9 developed an efficient truss struc-
ture optimization framework and optimized the similar main
frame structure. The main difference of these two satellite
structures lies in the different payloads, which results in differ-
ent requirements in the designs. If the optimization results
obtained in one payload case were used for another case with
a different payload, this optimization design could be infeasi-
ble to satisfy all constraints. Therefore, an efficient optimiza-
tion strategy should also be proposed by considering
multiple payload cases.
Thus, the main objective of the present study is to present
an optimization scheme for solving the structural optimization
problem considering multiple structure cases and payload
cases. Since the previous optimization scheme developed in
Ref.8 exhibits good performance in engineering optimization
designs and it has the preliminary capability to address multi-
ple structure case problems, this method is employed and then
improved in this work. By using analytical method for sensitiv-
ity calculation in this study, the computational efficiency and
result accuracy are increased to some extent. Considering the
common characteristic for multiple structure and payload case
problems, which is that the design domain keeps the same no
matter what the structure cases or payload cases are, these two
kinds of optimization problems are formulated into the unified
expressions. Based on the unified problem formulations, an
efficient optimization system is then established by involving
both types of optimization problems. Numerical examples
are then conducted to demonstrate its feasibility and efficiency.
The outline of this paper is organized as follows. Section 2
formulates the problem expressions with a unified form by
involving both multiple structure cases and multiple payload
cases. Section 3 introduces the optimization strategy followed
by the establishment of optimization system presented in Sec-
tion 4. Numerical examples, including an optimization of solar
array panels with two structure cases and a design for a satel-
lite platform with three payload cases, are shown in Section 5
and a brief conclusion is drawn in Section 6.2. Problem formulation
Structure mass is often treated as an objective in structural
optimization problems and it is also the objective in the present
work. For structures with multiple structure cases or states, the
total mass will be different in different structure cases, which is
due to the mass loss of some devices used for the changing the
structure case. Similarly, for a structure platform with varied
payloads, the total structural mass also varies along with dif-
ferent payload masses. For these two types of problems, what
they have in common is that the design domain is unchanged.
For multiple structure cases, the devices used for changing
structure case always do not need to be optimized and they
are not involved in the design domain; while for multiple pay-
load cases, only the platform needs optimization design for
reducing its design period and costs as well as being suitable
for each payload case. By sharing the same design domain, it
Structural optimization for multiple structure cases and multiple payload cases 1275means the design variables are the same in different structure
cases or payload cases. Actually, for a structure which is to
be designed, it involves two parts, i.e. design domain and
non-design domain. In a given structure case or payload case,
the mass for the non-design domain is fixed as a constant. For
this reason, the structure mass of the design domain instead of
the total structure mass can be calculated as the objective in
the optimization design. Thus, by gathering all structural
response constraints, the optimization problem by considering
multiple structure cases or multiple payload cases is formu-
lated as
find X ¼ x1 x2 . . . xn½ T
min fðXÞ
s:t: gjkðXÞ 6 0 j ¼ 1; 2; . . . ;mk; k ¼ 1; 2; . . . ;K
xLi 6 xi 6 xUi i ¼ 1; 2; . . . ; n
8>>><
>>>:
ð1Þ
where X is the design variable vector and n is the number of
design variables; the objective function f(X) is the structure
mass of the design domain, gjk(X) is the jth structural
response constraint in the kth structure case or payload case,
such as stiffness and stress constraints, mk is the number of
constraints under the kth structure case or payload case, K
is the number of considered structure cases or payload cases,
and xLi and x
U
i are lower and upper bounds on the ith design
variable xi.
Based on the previous work8 where only sizing variables
were considered, the present work also only takes sizing vari-
ables into account, and the design variables X are linked
cross-sectional dimensions of beams and thicknesses of struc-
ture shells, etc. The method used in the previous work8 has
been extended for continuum structure topology optimiza-
tion,13 truss topology optimization,14 stacking sequence opti-
mization,15–18 as well as actuator placement optimization.19
Thus, even though only sizing variables are considered in this
paper, it can be expected to be improved for handling the
aforementioned other types of problems.
3. Optimization scheme
3.1. Optimization method
The optimization problem expressed in Eq. (1) is always
complex, implicit and nonlinear to the design variable X,
and its solution by directly using general mathematical pro-
gramming methods is nearly impossible for its large compu-
tational costs. Approximation concept approaches or
surrogate-based methods were usually introduced to solve
structural optimization problems,20,21 and quite a few of
the approximations were constructed with the use of the gra-
dients for the objectives and constraints. Huang and Xia10
presented a TMA method, which proved to be a powerful
structural optimization method and then was used to develop
an efficient optimization system.8 On the basis of inheriting
the original performance of the TMA method, this method
is extended in this work to address both multiple structure
case and multiple payload case optimization problems as for-
mulated in Eq. (1). This extended capability further illus-
trates the excellent performance of this method in dealing
with various optimization problems.3.1.1. The first-level approximate problem
To solve the implicit problem in Eq. (1), it is firstly trans-
formed into a series of nonlinear approximate problems. By
using constraint elimination techniques, after the pth structural
analysis and sensitivity analysis, the first-level approximate
problems is formulated as
find X ¼ x1 x2 . . . xn½ T
min fðpÞðXÞ
s:t: g
ðpÞ
jk ðXÞ 6 0 j ¼ 1; 2; . . . ; Jk; k ¼ 1; 2; . . . ;K
xLi 6 xi 6 xUi i ¼ 1; 2; . . . ; n
8>><
>>:
ð2Þ
where f(p)(X) and g
ðpÞ
jk ðXÞ are the approximate objective func-
tion and approximate constraint function, respectively, and
Jk is the number of active response constraints in the kth struc-
ture case or payload case. The specific expression for g
ðpÞ
jk ðXÞ is
g
ðpÞ
jk ðXÞ ¼
XH
t¼1
gjkðXtÞ þ
1
rt
rTgjkðXtÞTtðXtÞðXrt  Xrtt Þ
 
htðXÞ
ð3Þ
where
rgjkðXtÞ ¼
@gjkðXtÞ
@x1
@gjkðXtÞ
@x2
. . .
@gjkðXtÞ
@xn
 T
ð4Þ
TtðXtÞ ¼
x1rt1t
x1rt2t
. .
.
x1rtnt
2
666664
3
777775 ð5Þ
Xrt ¼ xrt1 xrt2 . . . xrtn½ T ð6Þ
Xrtt ¼ xrt1t xrt2t . . . xrtnt½ T ð7Þ
htðXÞ ¼
htðXÞXH
l¼1
hlðXÞ
ð8Þ
hlðXÞ ¼
YH
s¼1
s–l
ðX XsÞTðX XsÞ ð9Þ
and H is the number of the points to be counted and its upper
bound Hmax can be given. When the number of known points
is more than Hmax, only the last Hmax points are taken into
consideration in Eq. (3). The exponent rt is an adaptive param-
eter to control the nonlinearity of the approximate function.
When there is only one known point, i.e. H= 1, the value
of rt is 1, and the approximate function in Eq. (3) becomes
a Taylor series in the reciprocal design variable space. When
H> 1, rt (t ¼ 1; 2; . . . ;H 1) is the solution of the following
equation:
gjkðXHÞ  gjkðXtÞ þ
1
rt
$TgjkðXtÞTtðXtÞðXrtH  Xrtt Þ
 
¼ 0 ð10Þ
where t ¼ 1; 2; . . . ;H 1 and XH is the last known point. For
rH, rH ¼ rH1.
1276 H. An et al.With structure mass as the objective fðXÞ, it can be
expressed in an explicit function and it is still adopted in the
first-level approximate problem, i.e.
fðpÞðXÞ ¼ fðXÞ ð11Þ
It should be noted that fðXÞ can also be similarly approxi-
mated as g
ðpÞ
jk ðXÞ when fðXÞ is implicit.
3.1.2. The second-level approximate problem
Considering the number of active constraints is usually fewer
than that of the design variables, it is reasonable to use the
dual method to efficiently solve the first-level approximate
problem. However, as the constructed first-level approximate
problem is still complex and nonlinear, it is difficult to estab-
lish the functional relations between the design variables and
the dual variables, which is required in dual methods. Thus,
a second-level approximate problem is built to approximate
the first-level approximations and it can be easily solved by
using the dual method. By expanding the objective function
and the constraint functions in the first-level approximate
problem Eq. (2) into linear Taylor series in the variable space
X and its reciprocal variable space, respectively, at the qth step,
the second-level approximate problem is stated as
find X¼ x1 x2 . . . xn½ T
min fðXÞ ¼ fðXðqÞÞþ
Xn
i¼1
@fðXðqÞÞ
@xi
ðxixiðqÞÞ
s:t: gjkðXÞ ¼ gðpÞjk ðXðqÞÞ

Xn
i¼1
x2iðqÞ
@g
ðpÞ
jk ðXðqÞÞ
@xi
1
xi
 1
xiðqÞ
 
6 0 j¼ 1;2; . . . ;Jk; k¼ 1;2; . . . ;K
xLiðqÞ 6 xi 6 xUiðqÞ i¼ 1;2; . . . ;n
8>>>>>>>><
>>>>>>>>:
ð12aÞ
xLiðqÞ ¼ maxðxLi ; ~xLiðqÞÞ ð12bÞ
xUiðqÞ ¼ minðxUi ; ~xUiðqÞÞ ð12cÞ
where xLiðqÞ and x
U
iðqÞ are the move limits of xi at the qth step.
The dual problem for the approximate problem Eq. (12) is
shown as
find k ¼ k1 k2 . . . kjk . . .
 T
max lðkÞ ¼ min
X2X
fðXÞ þ
XK
k¼1
XJk
j¼1
kjkgjkðXÞ
" #
s:t: kjk P 0 j ¼ 1; 2; . . . ; Jk; k ¼ 1; 2; . . . ;K
8>><
>>:
ð13Þ
where X ¼ xi xLiðqÞ 6 xi 6 xUiðqÞ ði ¼ 1; 2; . . . ; n
 Þn o. The rela-
tion between the design variables and the dual variables can
be established as
xi ¼
xLiðqÞ xi < x
L
iðqÞ
xi x
L
iðqÞ 6 xi 6 xUiðqÞði ¼ 1; 2; . . . ; nÞ
xUiðqÞ xi > x
U
iðqÞ
8><
>: ð14Þ
wherexi ¼
ﬃﬃﬃﬃ
x0i
p
x0i P 0
0 x0i < 0
(
ð15aÞ
x0i ¼ 
XK
k¼1
XJk
j¼1
kjkx2iðqÞ
@g
ðpÞ
jk ðXðqÞÞ
@xi
@fðXðqÞÞ
@~xi
ð15bÞ
The dual problem in Eq. (13) can be solved by using the
variable metric method (BFS algorithm). After finding the
optimal solution k, the solution to the qth second-level
approximate problem in Eq. (12) can be obtained by the rela-
tions in Eq. (14) and this solution can be treated as an expan-
sion point of the (q+1)th step. This process is repeated until
the solution to the pth first-level approximate problem in
Eq. (2) is obtained. After that, the structural analysis and sen-
sitivity analysis are conducted again and the (p+1)th first-level
approximate problem in Eq. (2) is reconstructed. Proceeding as
above, the primal optimization problem in Eq. (1) is solved
after iterations.
3.2. Improved sensitivity analysis for structural mass
Sensitivity analysis plays an important role in structural opti-
mization and design.22,23 With the use of the commercial finite
element analysis software MSC.Patran/Nastran, an optimiza-
tion system was developed in Refs.8,12 based on the TMA
method. When constructing the first-level approximate prob-
lem, the structural response constraint values and their sensi-
tivities were derived from Nastran analysis which was in
default of using a semi-analytical method, and the sensitivities
for the constraint functions in the second-level approximate
problem were obtained from the derivatives of the first-level
approximate functions expressed in Eq. (3). As for the objec-
tive of the structure mass, its exact value was calculated by
using relevant module from Patran. The derivatives
@fðXðqÞÞ=@xi used in the second-level approximate problem in
Eq. (12) were obtained with the use of a backward difference
method, as expressed below.
@fðXðqÞÞ
@xi
¼ @fðXðqÞÞ  @fðX
i
ðqÞÞ
DxiðqÞ
ð16aÞ
XðqÞ ¼ x1ðqÞ x2ðqÞ . . . xiðqÞ . . . xnðqÞ
 T ð16bÞ
XiðqÞ ¼ x1ðqÞ Dx1ðqÞ x2ðqÞ Dx2ðqÞ . . . xiðqÞ DxiðqÞ . . . xnðqÞ DxnðqÞ
 T
ð16cÞ
where DxiðqÞ is a small value and it takes 0:01xiðqÞ in Refs.
8,12.
As a kind of finite difference scheme, this method is generally
faced with the dilemma of using a small DxiðqÞ to minimize the
truncation error versus avoiding a small DxiðqÞ because of the
subtractive cancellation error. A method using complex vari-
ables proves to be an effective way in avoiding the subtractive
cancellation errors.24,25 Additionally, as the number of param-
eter adjustment is 2n to obtain the sensitivities in the finite dif-
ference method above, extra function evaluations are
introduced and more CPU time is cost. Analytical method
for sensitivities can be another common approach to improve
the computational efficiency as well as to increase numerical
accuracy and it is adopted in this work. As sizing variables
Structural optimization for multiple structure cases and multiple payload cases 1277(including the shell thickness and beam dimensions, etc.) are
either linear or quadratic to the structural mass, these deriva-
tives can be explicitly obtained with specific expressions so as
to obtain these sensitivities, and these sensitivity values will
replace those obtained with the backward difference method
in Eq. (16).4. Development of optimization system for multiple structure
cases and multiple payload cases
Based on the commercial finite element software MSC.Patran/
Nastran, an optimization system is developed for multiple
structure cases and multiple payload cases, and this optimiza-
tion system mainly consists of three parts: pre-processing,
numerical calculation (structural analysis and optimization)
and post-processing. An intuitive and easy way to use GUI
(Graphical User Interface) was developed for pre- & post-
processing, which would be very easy to operate for users
who have been familiar with Patran/Nastran. Users can estab-
lish FE models in the original Patran, and then define the cor-
responding optimization models and input related parameters
in the developed interfaces. The main program of the numeri-
cal calculation part was developed with PCL (Patran Com-
mand Language). The optimizer was coded in FORTRAN
language and called by the main program as an executable file.
Nastran was also called to conduct structural analysis as well
as sensitivity analysis by the main program according to the
requirements of optimization algorithm.
According to the principle of the optimization strategy, the
system structure and its solving procedure were designed as
follows:
Step 1. For each structure case or payload case, the FE
model of the whole structure and its optimization model
are established with Patran pre-processing functions.
Meanwhile, using these pre-processing functions, informa-
tion files that contain the information of the finite element
model as well as the optimization model are created for
each case which will be used for structural analysis. Then,
the optimization task is submitted to the calculation core
and the next steps will be executed automatically.
Step 2. From the first to the last structure case or payload
case, submit related information file to Nastran to execute
structural analysis and sensitivity analysis sequentially for
each FE model under each case.
Step 3. After Nastran calculation is finished, read the values
of design variables, the objective function (structure mass
for the design domain), the constraint functions and their
sensitivities from the result files, and organize these data
into files which can be called and modified by self-defined
optimizer.
Step 4. Call self-defined optimizer to search optimum with
the TMA method.
Step 5. Evaluate whether the second-level approximate
problem is converged or not. If it is converged, go to Step
6; otherwise, from the first to the last structure case or pay-
load case, sequentially modify the related structural param-
eters that are contained in the information files according to
the current design variables and calculate the objective val-
ues and its sensitivities, and then go to Step 4.Step 6. Evaluate whether the first-level approximate prob-
lem is converged or not. If it is converged, stop calculation;
otherwise, go to Step 2.
The implementation of the whole system is schematically
shown in Fig. 1.
5. Numerical examples
Numerical examples are introduced in this section to demon-
strate the feasibility and efficiency of the improved method
in dealing with multiple structure case and multiple payload
case problems. The first example is to optimize a structure with
three solar array panels considering two structure cases, i.e.
deployed case and compacted case, and the second example
is to optimize a satellite platform with three payload cases.
To illustrate the efficiency of the improved TMA method when
using analytical sensitivity for the objective function (desig-
nated as ITMA method hereafter), comparisons are firstly con-
ducted with both TMA and ITMA methods in two examples
when considering single structure case or payload case. Mean-
while, optimization results obtained from simultaneously con-
sidering multiple structure cases or payload cases are
compared with the results from single case to show the neces-
sity of simultaneous optimizations of multiple structure cases
or payload cases. All of the calculations are implemented in
a computer with CPU 3.30 GHz/RAM 8.00 G.
5.1. Solar array panels with two structure cases
5.1.1. Case 1 (optimization design of the deployed solar array
panels)
The FE model of the structure consisting of three solar array
panels is shown in Fig. 2 and the main body of each panel is
made of honeycomb sandwich plates. The length of each panel
is 2.581 m and its width is 1.755 m. Three panels are connected
with beams in a length of 0.058 m. The panels are strengthened
with beam frames surrounded on all sides, and the leftmost panel
is connected with a cradle to be fixed at the base. The cradle is
modeled with beams in box cross-section as shown in Fig. 3,
where tube and bar cross-sections are used in the second exam-
ple. Non-structural masses are uniformly distributed on each
panel and their related beam frames, and the triangles shown
in Fig. 2 represent lumped mass points that are attached to the
solar panels. Each panel is divided into four regions as shown
in Fig. 4 and each region is allowed to have different designs,
i.e. different honeycomb core thicknesses. Meanwhile, as an
entirety, three panels are required to have the same designs.
In this deployed case, the objective is to minimize the struc-
ture mass and the constraint is that the first-order natural fre-
quency should be more than 0.25 Hz. The design variables
include the core thicknesses for the four regions, as well as the
dimensions of box cross-section in the cradle, as listed in Table 1.
With the use of TMA and ITMA methods, the respective
results are given in Table 2. It should be pointed out that when
TMA method is used, the total structure mass rather than the
mass for the design domain is treated as the objective, while
the structure mass of the design domain is considered if the
ITMA is applied. The structure mass in Table 2 refers to the
mass of the design domain. It can be seen that the optimization
results in this deployed case (Case 1) are almost the same for
Fig. 1 Flowchart of developed system.
Fig. 2 A structure of three solar array panels in a deployed state.
Fig. 3 Beam cross-section type used in examples. Fig. 4 Each panel divided into four regions.
1278 H. An et al.both methods. However, as there is no need to call Patran
mass calculation tools for sensitivity calculations of the mass
objective function in the ITMA method, CPU time is reduced
from 0.22 min to 0.12 min consequently. Additionally, it isshown that the optimization process is stopped after only three
iterations, which seems to be a premature optimization.
However, based on our numerical tests by changing the crite-
rion from small to large values, even though the optimization
Table 1 Initial designs as well as lower and upper bounds of variables.
Variable Initial value Lower bound Upper bound
Honeycomb core thickness (m) Region 1 No. 1 0.0214 0.010 0.035
Region 2 No. 2 0.0214 0.010 0.035
Region 3 No. 3 0.0214 0.010 0.035
Region 4 No. 4 0.0214 0.010 0.035
Dimension of box cross-section in cradle (m) H No. 5 0.028 0.014 0.035
W No. 6 0.028 0.014 0.035
t1 No. 7 0.0038 0.0020 0.0055
t2 No. 8 0.0038 0.0020 0.0055
Table 2 Optimization results for structure of three solar array panels.
Designation Case 1 Case 2 Case 3
TMA ITMA TMA ITMA
Variable (m) No. 1 0.01000 0.01000 0.01976 0.01920 0.017804
No. 2 0.01000 0.01000 0.01745 0.01740 0.017872
No. 3 0.01000 0.01000 0.01881 0.01888 0.017969
No. 4 0.01000 0.01000 0.01798 0.01800 0.017699
No. 5 0.02555 0.02554 0.02070 0.02163 0.026713
No. 6 0.01894 0.01895 0.01400 0.01428 0.018708
No. 7 0.00200 0.00200 0.00200 0.00200 0.002231
No. 8 0.00200 0.00200 0.00200 0.00200 0.002134
Mass (kg) Initial 23.05 23.05 23.05 23.05 23.05
Optimized 14.75 14.75 19.26 19.23 19.37
First-order frequency (Hz) Initial 0.32a 0.32a 27.05b 27.05b 0.32a/27.05b
Optimized 0.25a 0.25a 24.88b 24.88b 0.25a/25.00b
Number of iterations 3 3 12 10 12
CPU time (min) 0.22 0.12 1.12 0.65 4.25
a First-order frequency in deployed case.
b First-order frequency in compacted case.
Fig. 5 Structure of three solar array panels in a compacted state.
Structural optimization for multiple structure cases and multiple payload cases 1279may proceed further by consuming more iterations, it is found
that the objective value varies within ±0.0002 kg. This
variation range is so small that this optimization can be taken
as the optimized solution without premature.
5.1.2. Case 2 (optimization design of the compacted solar array
panels)
Fig. 5 shows the FE model for the structure of three solar
array panels in the compacted state. The structure configura-
tion parameters are the same with those in Case 1. As some ini-
tiating explosive devices will be used for deploying the solar
array panels, the structure total mass in the compacted case
is slightly larger than the total mass in the deployed case. This
kind of mass loss is reflected with different masses of the
lumped mass point, as shown in Fig. 2 with triangles, in differ-
ent structures. However, the masses of the design domain will
not be changed if the same values of design variables are
assigned for different structures.
In this compacted case, the objective is also to minimize the
structure mass and the constraint is that the first-order natural
Fig. 7 Constraint iteration histories of three cases with ITMA
method.
1280 H. An et al.frequency should be more than 25.00 Hz. The design variables
are the same with those in Case 1 as listed in Table 1. The opti-
mization results with both TMA and ITMA methods are also
listed in Table 2. It can also be seen that the CPU time is lar-
gely saved when the ITMA method is used. Besides, compared
with the results obtained with TMA method, the number of
iterations is also reduced and the optimized objective value is
a bit smaller while the constraint value is the same.
5.1.3. Case 3 (optimization design of the solar array panels by
simultaneously considering deployed and compacted cases)
In this case, the optimization design is conducted by simultane-
ously considering two structure cases as described above. The
objective and the design variables are the same with Case 1 and
Case 2. The constraints are that the first-order natural fre-
quency in the deployed case should be more than 0.25 Hz,
and meanwhile, it should be more than 25.00 Hz in the com-
pacted case. The optimization results in this case are also sum-
marized in Table 2. As the structural analysis and sensitivity
analysis are conducted twice at each iteration point in this
case, the CPU time is consequently much larger than the time
cost in both Case 1 and Case 2. With the ITMA method, the
iteration histories for the objectives of the three cases are plot-
ted in Fig. 6, and iteration histories for normalized constraints
are shown in Fig. 7. As for the normalized constraint, its def-
inition in this work is expressed as
gjkðXÞ ¼
gLjk  gjkðXÞ
gjkðXÞ
6 0 ð17Þ
where gjkðXÞ is the normalized constraint of the concerned
structural response gjkðXÞ on current design point X, and gLjk
is the lower bound on gjkðXÞ. For instance, for Case 2 on the
optimal design point, the concerned first-order natural fre-
quency is obtained as 24.88 Hz as listed in Table 2. As the
lower bound on this frequency is 25 Hz, the normalized con-
straint value on this point is ð25 24:88Þ=25, i.e., 0.0048. Even
though this value is not strictly less than zero, it can be accept-
able within minor error.
To further illustrate the necessity of simultaneous optimiza-
tions of multiple structure cases, the results obtained from one
structure case are tested in another case. For example, when
the results obtained from Case 1 (where only the deployed
state is considered) with the ITMA method is applied in theFig. 6 Objective iteration histories of three cases with ITMA
method.compacted case, the structure mass of the design domain is still
14.75 kg, but the first-order frequency in the compacted case is
17.75 Hz, which does not satisfy the constraint value of
25.00 Hz. If the results obtained from Case 2 (where only the
compacted state is considered) with the ITMA method is used
in the deployed case, the structure mass of the design domain is
not changed as 19.23 kg, while the first-order frequency in the
deployed case is only 0.19 Hz. Back to the optimization results
of Case 3 listed in Table 2, it can be seen that both of the con-
sidered constraints are satisfied, even with a small increase in
the mass value compared with the result obtained from Case 2.
5.2. Satellite platform with three payload cases
A satellite structure is often composed of two parts: the main
structure platform and the payload cabin, as shown in Fig. 8.
To reduce the design period and to improve its versatility for
different payload cabins, this satellite platform is to be
designed by simultaneously considering three payload cases
with different masses. The design domain for the platform
involves the main frame, and its location is highlighted in
Fig. 8. The design variables mainly include the cross-sectionsFig. 8 FE model of entire satellite.
Fig. 9 FE model and parameters of the main frame.
Structural optimization for multiple structure cases and multiple payload cases 1281of the main frame in Fig. 9, where the element marked with 11
represents rod elements and others are beam elements. The
design variables and their initial values as well as related lowerTable 3 Initial design as well as lower and upper bounds on cross-
Variable
Dimension of tube cross-section in Beam 1 (m) R1 No.
Dimension of box cross-section in Beam 2 (m) H No.
W No.
t1 No.
t2 No.
Dimension of box cross-section in Beam 3 (m) H No.
W No.
t1 No.
t2 No.
Dimension of box cross-section in Beam 4 (m) H No.
W No.
t1 No.
t2 No.
Dimension of box cross-section in Beam 5 (m) H No.
W No.
t1 No.
t2 No.
Dimension of box cross-section in Beam 6 (m) H No.
W No.
t1 No.
t2 No.
Dimension of box cross-section in Beam 7 (m) H No.
W No.
t1 No.
t2 No.
Dimension of box cross-section in Beam 8 (m) H No.
W No.
t1 No.
t2 No.
Dimension of box cross-section in Beam 9 (m) H No.
W No.
t1 No.
t2 No.
Dimension of bar cross-section in Beam 10 (m) H No.
W No.
Cross-sectional area in Rod 11 (m2) No.and upper bounds are shown in Table 3. With this initial
design, the total mass in these three payload cases are 7000,
7800 and 6000 kg, respectively, and these differences are
caused by different masses of the payload cabins. Correspond-
ingly, the centers of mass for the whole structure system are
different in the three cases and they are summarized in Table 4.
For this problem, the constraints require that the first-order
frequency should not be less than 11.00 Hz (Case 1),
10.50 Hz (Case 2) and 12.00 Hz (Case 3) for the respective
three payload cases, and the objective is to minimize the struc-
ture mass of the design domain in the main frame.
Separate optimizations are firstly conducted where only one
constraint is considered in its relevant payload case. Both
TMA and ITMA methods are used in these separate optimiza-
tions and the optimization results are listed in Table 5. It
should also be noted that when the TMA method is used,
the total satellite mass is taken into account, and only the masssectional dimensions.
Initial value Lower bound Upper bound
1 0.043 0.041 0.045
2 0.028 0.015 0.035
3 0.07 0.05 0.085
4 0.003 0.001 0.005
5 0.00070 0.00065 0.00200
6 0.028 0.015 0.035
7 0.070 0.050 0.085
8 0.003 0.001 0.005
9 0.00070 0.00065 0.00200
10 0.028 0.015 0.035
11 0.070 0.050 0.085
12 0.003 0.001 0.005
13 0.00070 0.00065 0.00200
14 0.028 0.015 0.035
15 0.070 0.050 0.085
16 0.003 0.001 0.005
17 0.00070 0.00065 0.00200
18 0.050 0.035 0.065
19 0.050 0.035 0.065
20 0.0027 0.0015 0.0035
21 0.0027 0.0015 0.0035
22 0.050 0.035 0.065
23 0.050 0.035 0.065
24 0.0015 0.0010 0.0030
25 0.0015 0.0010 0.0030
26 0.028 0.015 0.035
27 0.070 0.050 0.035
28 0.003 0.001 0.005
29 0.00070 0.00065 0.00200
30 0.028 0.015 0.035
31 0.070 0.050 0.085
32 0.003 0.001 0.005
33 0.00070 0.00065 0.00200
34 0.004 0.002 0.005
35 0.13 0.10 0.35
36 0.00016 0.00010 0.00300
Table 5 Optimization results for satellite platform with three paylo
Designation Case 1
TMA ITMA
Variable (m) No. 1 0.04500 0.04345
No. 2 0.03440 0.03499
No. 3 0.07866 0.08499
No. 4 0.00383 0.00280
No. 5 0.00111 0.00112
No. 6 0.02736 0.02344
No. 7 0.08500 0.06355
No. 8 0.00182 0.00168
No. 9 0.00119 0.00109
No. 10 0.02736 0.03467
No. 11 0.08500 0.08357
No. 12 0.00182 0.00215
No. 13 0.00119 0.00157
No. 14 0.02736 0.03467
No. 15 0.08500 0.08357
No. 16 0.00182 0.00215
No. 17 0.00119 0.00162
No. 18 0.04914 0.03737
No. 19 0.04743 0.03631
No. 20 0.00247 0.00191
No. 21 0.00230 0.00209
No. 22 0.04909 0.03501
No. 23 0.04909 0.03501
No. 24 0.00140 0.00100
No. 25 0.00140 0.00100
No. 26 0.02736 0.02263
No. 27 0.08500 0.06646
No. 28 0.00182 0.00102
No. 29 0.00119 0.00108
No. 30 0.03440 0.03499
No. 31 0.07554 0.08499
No. 32 0.00360 0.00244
No. 33 0.00104 0.00117
No. 34 0.00232 0.00205
No. 35 0.12186 0.10320
No. 36 0.00015 0.00011
Mass (kg) Initial 43.16 43.16
Optimized 44.51 33.06
First-order frequency (Hz) Initial 11.01 11.01
Optimized 11.02a 10.98a
Number of iterations 5 12
CPU time (min) 12.75 7.67
a First-order frequency in the case of total mass of 7000 kg.
b First-order frequency in the case of total mass of 7800 kg.
c First-order frequency in the case of total mass of 6000 kg.
Table 4 Summary for center of mass in three payload cases.
Total mass (kg) Center of mass
X (mm) Y (mm) Z (mm)
7000 0.001 0.089 1395.957
7800 0.001 0.095 1432.067
6000 0.001 0.076 1338.142
1282 H. An et al.in the design domain is considered when the ITMA method is
applied. As the structure mass of the design domain takes less
than 1% of the total satellite mass, the calculation accuracy is
lost to some extent when the TMA method is used. This leads
to fewer iteration numbers as shown in Table 5. However, the
CPU time in ITMA methods is always less than that in TMA
methods, and the optimized objective values are quite fewer.ad cases.
Case 2 Case 3 Case 4
TMA ITMA TMA ITMA
0.04500 0.04395 0.04360 0.04334 0.04416
0.03500 0.03499 0.03500 0.03266 0.03499
0.08500 0.08403 0.06566 0.07987 0.08435
0.00500 0.00306 0.00306 0.00274 0.00330
0.00148 0.00116 0.00107 0.00124 0.00113
0.02736 0.03499 0.02736 0.01842 0.03499
0.08500 0.08305 0.08500 0.05838 0.07795
0.00182 0.00212 0.00182 0.00120 0.00213
0.00119 0.00179 0.00119 0.00088 0.00160
0.02736 0.03499 0.02736 0.03119 0.03499
0.08500 0.08499 0.08500 0.08032 0.08252
0.00213 0.00242 0.00182 0.00204 0.00243
0.00119 0.00179 0.00119 0.00134 0.00165
0.02736 0.03499 0.02736 0.03101 0.03499
0.08500 0.08499 0.08500 0.08032 0.08378
0.00182 0.00209 0.00182 0.00196 0.00213
0.00119 0.00179 0.00119 0.00132 0.00165
0.04914 0.04100 0.04433 0.04350 0.03704
0.05652 0.03913 0.04231 0.03607 0.04221
0.00304 0.00203 0.00219 0.00181 0.00218
0.00280 0.00181 0.00204 0.00171 0.00184
0.04909 0.03574 0.04429 0.03501 0.03568
0.04909 0.03574 0.04429 0.03501 0.03568
0.00140 0.00102 0.00127 0.00100 0.00102
0.00140 0.00102 0.00127 0.00100 0.00102
0.02736 0.03400 0.02736 0.01721 0.02935
0.08500 0.08499 0.08500 0.06144 0.08383
0.00182 0.00118 0.00161 0.00101 0.00132
0.00119 0.00138 0.00119 0.00106 0.00099
0.03500 0.03499 0.03104 0.02825 0.03499
0.08500 0.08499 0.06412 0.07779 0.08499
0.00490 0.00271 0.00299 0.00279 0.00295
0.00130 0.00107 0.00098 0.00107 0.00097
0.00303 0.00202 0.00210 0.00201 0.00220
0.17890 0.12300 0.10484 0.10000 0.12181
0.00018 0.00012 0.00014 0.00011 0.00012
43.16 43.16 43.16 43.16 43.16
54.58 37.77 35.15 31.15 39.26
10.26 10.26 12.17 12.17 11.01a
10.26b
12.17c
10.52b 10.50b 12.03c 11.96c 11.27a
10.50b
12.54c
5 20 5 9 21
12.75 12.50 14.00 5.52 47.28
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ference method for the mass sensitivity calculation is replaced
by the use of the analytical calculation. Thus, the efficiency of
the ITMA method can be clearly observed. The simultaneous
optimization of the three considered payload cases are carried
out with the ITMA method (Case 4), and the optimization
result is also given in Table 5. It can be seen that the CPU time
is the longest among all the cases conducted. This is because
the structural analysis and sensitivity analysis are conducted
three times at each iteration point, and 63 (21  3) times of
structural analysis and sensitivity analysis are executed conse-
quently. With the ITMA method, the iteration histories for the
objectives of the four cases are shown in Fig. 10, and iteration
histories for normalized constraints are shown in Fig. 11.
For illustrating the necessity of simultaneous optimizations
of multiple payload cases, the results obtained from one pay-
load case are tested in another case. For example, when the
results obtained from Case 3 with the ITMA method are
applied in the case with the total mass of 7000 kg, the first-
order frequency in this payload case is 10.72 Hz, which does
not satisfy the constraint value of 11.00 Hz. Moreover, if these
results are adopted in the case with the total mass of 7800 kg,
the first-order frequency in this case becomes 9.87 Hz, whichFig. 10 Iteration histories of four cases with ITMA method.
Fig. 11 Constraint iteration histories of four cases with ITMA
method.means the considered constraint is also not satisfied. Similar
outcomes will be produced if the obtained results from Case
1 are applied in Case 2 or the results from Case 2 are used
for Case 1. When all payload cases are optimized simultane-
ously, the considered constraints in each payload case are sat-
isfied in the meantime. To achieve this goal, the structure mass
in Case 4 is larger than the other three cases as a result. After
this comparison, the effectiveness of the multiple payload case
optimizations is demonstrated.
Besides sizing optimization, TMA method has been
extended for continuum structure topology optimization,13
truss topology optimization14 as well as composite stacking
sequence optimization.15–18 From small to large scale prob-
lems, the TMA method has exhibited its high efficiency with
a few dozens of structural analyses in solving numerical exam-
ples as well as engineering applications which involve hundreds
of and thousands of design variables.13 Considering that the
proposed optimization strategy in this work is developed on
the basis of TMA method, it can be expected to be applicable
for handling other types of problems, like topology optimiza-
tion and composite structure problems, when they consider
multiple structure cases or multiple payload cases, and accord-
ingly, it could also be effective and efficient in more compli-
cated engineering problems with thousands of design
variables, even though the examples presented above are not
complicated enough. Additionally, the non-probabilistic
reliability-based structural optimization is also a typical two-
level optimization problem26; or more exactly speaking, it is
a challenging problem with nested optimization where the
calculation for updating uncertain variables (second-level
optimization) is nested into the solution of design variables
(first-level optimization). According to the extensions of the
TMA method for truss topology optimization14 and composite
stacking sequence optimization,15–18 both discrete and contin-
uous variables are involved in the first-level approximate prob-
lem and the solving process for continuous variables is nested
into the solution of discrete variables. If similar techniques are
used to involve both design variables and uncertain variables
in the first-level approximate problems, it is also possible for
this method to be extended for solving non-probabilistic
reliability-based structural optimizations, where the solving
processes for design variables and uncertain variables are likely
to be achieved in optimizations at different levels.6. Conclusions
Based on the TMA method, a structural optimization scheme
is developed by considering multiple structure cases and multi-
ple payload cases. The optimization method is firstly improved
by replacing the backward difference method for the mass sen-
sitivity calculation with the use of the analytical calculation,
which proves to take less CPU time and produce more reason-
able optimization results. Considering the shared characteristic
for multiple structure case and multiple payload case prob-
lems, that is, the design domain keeps the same in different
cases, a unified problem formulation is then established. On
the basis of the problem formulation and the improved opti-
mization method, an optimization system is developed with
the commercial finite element software MSC.Patran/Nastran.
Results of the numerical examples demonstrate its feasibility
and efficiency, which indicates that it can handle practical engi-
1284 H. An et al.neering problems. Moreover, by making comparisons of the
single and multiple case results, the necessity of the simultane-
ous optimizations for multiple structure cases and multiple
payload cases is illustrated.
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